Returning astronauts have experienced altered immune function and increased vulnerability to infection during spaceflights dating back to Apollo and Skylab. Lack of immune response in microgravity occurs at the cellular level. We analyzed differential gene expression to find gravity-dependent genes and pathways. We found inhibited induction of 91 genes in the simulated freefall environment of the random positioning machine. Altered induction of 10 genes regulated by key signaling pathways was verified using real-time RT-PCR. We discovered that impaired induction of early genes regulated primarily by transcription factors NF-κB, CREB, ELK, AP-1, and STAT after crosslinking the T-cell receptor contributes to T-cell dysfunction in altered gravity environments. We have previously shown that PKA and PKC are key early regulators in T-cell activation. Since the majority of the genes were regulated by NF-κB, CREB, and AP-1, we studied the pathways that regulated these transcription factors. We found that the PKA pathway was down-regulated in vg. In contrast, PI3-K, PKC, and its upstream regulator pLAT were not significantly down-regulated by vectorless gravity. Since NF-κB, AP-1, and CREB are all regulated by PKA and are transcription factors predicted by microarray analysis to be involved in the altered gene expression in vectorless gravity, the data suggest that PKA is a key player in the loss of T-cell activation in altered gravity. n 1973, NASA launched the Skylab Space Station, and subsequent analysis of blood drawn from primary and backup crews before launch and postflight gave rise to the first evidence of altered immune function in space. Lymphocyte response to mitogen treatment was normal during preflight and in backup crews but was significantly reduced in blood from the nine returning Skylab astronauts (1). The relatively high incidence of infection observed in Apollo astronauts inflight and 1 wk postflight was an impetus for increased efforts to study the immune system in Skylab (1). Correlations with elevated cortisol levels and sympathetic activation detected in blood and urine samples from astronauts led early investigators to propose a wholebody theory and attribute impaired immunity in space to the endocrine system (1, 2). However, in 1983, Cogoli et al. (3-5) demonstrated with isolated lymphocyte experiments a 90% reduction in lymphocyte activation in microgravity with no significant change in glucose uptake or utilization. Later fluorescent microscopy studies by Cogoli (6) then showed no significant reduction in membrane bound concanavalin A (Con A) in microgravity. Subsequent experiments on human and mouse lymphocytes revealed a significant decrease in IL2 and IL2Rα synthesis and a reduction in proliferation (6, 7). Lewis et al. (5) and then demonstrated that spaceflight leads to anomalous cytoskeletal organization and diffusive microtubule organizing centers. Taken together, these findings pointed to a cellular based dysfunction and a significant role for gravity in the immune response. We hypothesized that depressed immune function is most likely due to reduced expression of early genes key in initiating and maintaining T-cell activity. Utilization of a random positioning machine (RPM) and Affymetrix GeneChip ® technology allowed us to ascertain key gravity-dependent gene expression patterns and signaling pathways involved in the human immune response. Despite the presence of a gravitational field 160 miles above Earth, humans onboard orbiting spacecrafts or stations experience ~10 −4 g because orbital velocities generate a vectorless gravity (vg) environment (9). By continually altering the terrestrial 1 g vector, the RPM generates a low-shear vg environment with residual centripetal force of 10 −3 g through random three-dimensional rotation to approximate the effects of true freefall or microgravity found on the shuttle (9−11). Considering that all terrestrial life evolved in a 1 g field, it is not surprising to find that certain cell types and cellular pathways require the gravity of Earth for normal function. By identifying the specific genes that undergo statistically significant early transcriptional induction in terrestrial gravity but not in vg, we were able to narrow our search for major regulatory signal transduction pathways and found that PKA plays a key role in gravity modulation of T-cell activation in vg.
n 1973, NASA launched the Skylab Space Station, and subsequent analysis of blood drawn from primary and backup crews before launch and postflight gave rise to the first evidence of altered immune function in space. Lymphocyte response to mitogen treatment was normal during preflight and in backup crews but was significantly reduced in blood from the nine returning Skylab astronauts (1) . The relatively high incidence of infection observed in Apollo astronauts inflight and 1 wk postflight was an impetus for increased efforts to study the immune system in Skylab (1) . Correlations with elevated cortisol levels and sympathetic activation detected in blood and urine samples from astronauts led early investigators to propose a wholebody theory and attribute impaired immunity in space to the endocrine system (1, 2) . However, in 1983, Cogoli et al. (3) (4) (5) demonstrated with isolated lymphocyte experiments a 90% reduction in lymphocyte activation in microgravity with no significant change in glucose uptake or utilization. Later fluorescent microscopy studies by Cogoli (6) then showed no significant reduction in membrane bound concanavalin A (Con A) in microgravity. Subsequent experiments on human and mouse lymphocytes revealed a significant decrease in IL2 and IL2Rα synthesis and a reduction in proliferation (6, 7) . Lewis et al. (5) and then demonstrated that spaceflight leads to anomalous cytoskeletal organization and diffusive microtubule organizing centers. Taken together, these findings pointed to a cellular based dysfunction and a significant role for gravity in the immune response. We hypothesized that depressed immune function is most likely due to reduced expression of early genes key in initiating and maintaining T-cell activity. Utilization of a random positioning machine (RPM) and Affymetrix GeneChip ® technology allowed us to ascertain key gravity-dependent gene expression patterns and signaling pathways involved in the human immune response. Despite the presence of a gravitational field 160 miles above Earth, humans onboard orbiting spacecrafts or stations experience ~10 −4 g because orbital velocities generate a vectorless gravity (vg) environment (9) . By continually altering the terrestrial 1 g vector, the RPM generates a low-shear vg environment with residual centripetal force of 10 −3 g through random three-dimensional rotation to approximate the effects of true freefall or microgravity found on the shuttle (9−11) . Considering that all terrestrial life evolved in a 1 g field, it is not surprising to find that certain cell types and cellular pathways require the gravity of Earth for normal function. By identifying the specific genes that undergo statistically significant early transcriptional induction in terrestrial gravity but not in vg, we were able to narrow our search for major regulatory signal transduction pathways and found that PKA plays a key role in gravity modulation of T-cell activation in vg.
MATERIALS AND METHODS

T-cell isolation, culture, and activation
Peripheral blood leukocytes of three human donors were isolated from blood bank buffy-coats (Red Cross, Zurich, Switzerland) by Ficoll-Hypaque density gradient centrifugation, and T cells were purified using high affinity CD3 + T-cell enrichment columns (R&D Systems, Minneapolis, MN). The cells were resuspended in RPMI-1640 with 10% FCS at 3−8 million cells/ml. A portion of T cells was activated with a final concentration of 5 µg/ml Con A (Sigma, St. Louis, MO) with 4 µg/ml anti-CD28 antibody (PharMingen, San Diego, CA) and incubated for 4 h at 1 g or loaded onto a RPM (Dutch Space, Leiden, Netherlands) rotating at 60°/s at 37°C with unactivated controls. Random rotation at 60°/s, 1 or 3 cm away from the center of rotation yields gravity contours from 1 × 10 −3 to 2 × 10 −3 g as calculated by g' = ω 2 R/g 0 where g 0 = 9.81 m/s 2 , ω
I
Page 2 of 22 (page number not for citation purposes) = 1.0 radian/s, and r = 0.01 or 0.03 m (11, 12) . T cells on the RPM were conditioned for 2 h before collection or activation to allow the cells to equilibrate to the vg environment.
RNA extraction and cleanup
RNA was isolated using guanidinium isothiocyanate as described previously (13) . RNA cleanup was performed using RNeasy ® MinElute columns (Qiagen, Valencia, CA). RNA concentration and purity were determined from measuring absorbance at 260 and 280 nm with a GeneQuant (Pfizer, New York, NY); 0.3 µg total RNA was run on a 1% denaturing gel, or 100 ng total RNA were loaded on the 2100 Bioanalyzer (Agilent, Palo Alto, CA) to verify RNA integrity.
Microarray sample preparation
The Human Genome Focus Array (Affymetrix, Santa Clara, CA) is composed of 8,796 probe sets corresponding to well-annotated genes from the NCBI RefSeq database; 1.8 µg of total RNA were aliquoted for first and second strand cDNA synthesis using a HPLC purified oligo-(dT) primer (Affymetrix) and 200 U SuperScript TM II reverse transcriptase (Invitrogen, Carlsbad, CA). Ten microliters of the cDNA were then aliquoted for in vitro transcription and biotin labeling using the BioArray TM high yield TM RNA transcription labeling kit (Enzo, New York, NY). The reaction was incubated for 10 h at 37°C. After cRNA fragmentation, the samples were transported to the Gladstone Institute Genomics Core. Ten micrograms of the labeled cRNA were hybridized at a final concentration of 0.05 µg/µl onto Focus arrays at 45°C for 16 h. The arrays were stained using a Fluidics Station 400 (Affymetrix) and scanned using a GeneArray ® Scanner (Affymetrix).
Microarray data analysis and gene selection
Before analysis, several internal parameters from each Affymetrix GeneChip ® were checked to verify sample and array quality such as noise and background levels, present calls, and 3′/5′ ratios as described at http://www.affymetrix.com/support/downloads/manuals/data_analysis_fundamentals_manual.pdf. After background subtraction and image processing in Affymetrix Microarray Suite (MAS) 5.0, data normalization was performed in GeneSpring ® 6.2 (Silicon Genetics, Redwood City, CA). Total intensity normalization to the median was employed to adjust for differences in labeling and the quantity of initial total RNA (14, 15, 16) .
Significant differential gene expression was identified after scaling each gene to its corresponding signal in the 1 g 0 h baseline to derive expression ratios. Only genes flagged with a present call in at least one array were considered for subsequent analysis. To focus on genes normally induced by mitogen, a twofold upregulation cutoff at 1 g 4 h was established. In addition to the ad hoc fold change and detection call selection criteria, a paired two-tailed t test between 1 g 0 h and 1 g 4 h samples was implemented, and a two-way ANOVA was applied to identify significant differential gene expression patterns resulting from a gravity, treatment, or interaction effect (17) . The cutoff for significance was set at P ≤ 0.05, and all parametric tests were performed on the logarithm of expression ratios. Notably, in our previous study on T-cell signal transduction in only normal gravity, the two-way ANOVA was not applicable (18) . Hierarchical clustering was applied using a centered Pearson correlation as the distance metric (12, 16, 19 Germany) were used to identify potential regulatory sequences 1000 nucleotides upstream of the transcription start site (20) . Upstream sequences were attained from the UCSC Genome Browser at http://genome.ucsc.edu. A description of our microarray experiment is posted on the Gene Expression Omnibus found at http://www.ncbi.nlm.nih.gov/geo. The platform accession number is GPL201; sample accession numbers are GSM24817, GSM29564, GSM29565, GSM29566, GSM29567, GSM29568, GSM29569, GSM29570, GSM29571, GSM29572, GSM29573, and GSM29574; and series accession number is GSE1709.
Quantitative real-time RT-PCR
To verify data obtained from microarray analysis, real-time RT-PCR was performed on 10 genes. Gene specific primers for an 18S internal control (Ambion, Austin, TX) and CSF2, IFNG, IL2, IL2RA, LTA, MIF, NFKB1, STAT1, TNF, and XCL2, designed using Oligo ® 6.0 software (Molecular Biology Insights, Cascade, CO) and synthesized by Qiagen, were used to perform quantitative PCR. An equivalent of 0.05 µg total RNA was reverse transcribed for each PCR reaction (13) . The ABI Prism ® 7900HT (Applied Biosystems, Foster City, CA) was used to quantify RNA amounts represented by SYBR ® Green fluorescence with the comparative threshold cycle number method. The Eq. 2 ∆∆C T was computed to obtain expression ratios normalized to the 18S internal control (21) .
Transcription factor immunoblot analysis
Cells were lysed 30 min after the addition of mitogen, using lysis buffer as described previously (22) . Membranes were probed with anti-phospho-CREB (Ser133) antibody (Upstate, Charlottesville, VA), anti-phospho-LAT (Tyr171) antibody (Cell Signaling Technology, Beverly, MA), and anti-phospho-PI3-K (Tyr508) antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins were detected by enhanced chemiluminescence (Pierce, Rockford, IL) and exposed on autoradiography film. Films were scanned and bands quantified with UNSCANIT ® densitometry software (Silk Scientific, Orem, UT).
RESULTS
Gravity regulates the distribution of global gene expression in T cells during activation
T cells isolated from three humans were activated at 1 g or on the RPM in a vg environment. Using microarray-based expression profiling, we assessed global gene expression from unactivated T cells (1 g 0 h and vg 0 h) and T cells treated with Con A and anti-CD28 antibody (1 g 4 h and vg 4 h). The T cells exhibited significant changes in gene expression distribution only after activation in normal gravity (Fig. 1A) . Ninety-nine genes were significantly upregulated above twofold after activation at 1 g (Fig. 1B) . Untreated cells in vg showed little or no change in expression distribution ( Fig. 1C and D) . T cells treated with mitogen in a vg environment had a compressed distribution and a drastic drop in gene induction (Fig. 1E) . Notably, only 9 of the 99 genes passed our criteria for significant up-regulation on the RPM at 4 h, and, even then, induction of 8 of the genes was comparatively reduced (Fig. 1F ).
Cluster analysis of genes differentially expressed during T-cell activation in normal and vg
The 99 genes significantly up-regulated by activation in normal gravity were clustered hierarchically to permit a visual examination of gene expression patterns, function, and regulation ( Fig. 2A) . Cluster A was comprised of 16 genes that were the most highly upregulated after activation in 1 g but were not induced by mitogen on the RPM. Several cytokines and their related genes, including IL2, IL1, and IFNG, were grouped in cluster A. The expression of 18 genes in cluster B also increased, but to a lesser extent, after activation in 1 g. The chemokines CCL3, CCL4, and CCL20 were grouped in cluster B. Both clusters A and B exhibited a relatively smaller increase in expression in the untreated RPM samples.
The expression of 12 genes in cluster C increased after activation in 1 g, did not change in untreated vg samples, and decreased 4 h after the addition of mitogen to the vg samples. Cluster D was comprised of 14 genes and cluster E was comprised of 33 genes that were up-regulated after activation in 1 g but remained relatively static before and after activation in vg. Finally, cluster F contained six genes that were up-regulated after activation in 1 g and vg.
The sample profiles illustrate that 99 genes predominantly exhibited significant up-regulation during activation in 1 g but little change or down-regulation of gene expression in vg. This relationship was examined mathematically by principal component analysis (PCA) of each sample profile (Fig. 2B) . PCA is used to identify patterns within complex datasets by reducing the effective dimensionality of gene expression space. For instance, here, the 99-dimensional space corresponding to the 99 significant genes is projected onto a readily visualized twodimensional plot providing a simplified view of the separation of the data into distinct groups (14, 23) . Unactivated T-cell samples cultured in normal gravity clustered into one class in the fourth quadrant of the plot. The untreated and treated T cells in vg clustered together into another class in the third quadrant. Activated T cells cultured in normal gravity clustered into a separate class in the second quadrant. Based on our results from PCA, the gene expression signatures in different gravity and treatment conditions were distinct.
Early T-cell signaling through key transcription factors is impaired in vg
After cluster analysis, gene ontologies and the literature were used to classify the genes by their biological or molecular function ( Table 1 ). The normalized expression ratios represent the average from three independent donors at each condition. The most highly differentially expressed genes encoded cytokines, chemokines, and members of the tumor necrosis factor superfamily. The genes that were significantly induced by mitogen in 1 g were grouped by common regulatory binding sites or pathway involvement as determined by performing a literature search and using the Match TM program on the TRANSFAC ® database to identify key signaling cassettes involved in T-cell activation (Fig. 3A) . Twenty-eight percent of the significantly induced genes were either a component of the NF-κB signaling pathway, contained computed NF-κB binding sites in the promoter, or had experimental evidence for transcriptional regulation by NF-κB. Every gene in this group, except OAS3, was suppressed in vg.
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Real-time RT-PCR confirms that early gene induction is suppressed in a vg environment
The quantitative real-time PCR results yielded expression profiles similar to those obtained from microarray analysis. The real-time PCR results validated the early gene induction in 1 g, and suppression in vg, of representative genes regulated by major signaling pathways, including IFNG, XCL2, IL2RA, IL2, CSF2, STAT1, LTA, TNFA, MIF, and NFKB1 (Fig. 3B) . To examine preprocessing effects on microarray data analysis, the mean normalized expression ratios preprocessed by three methodologies dChip, Robust Multi-chip Analysis (RMA), and MAS were compared with mean normalized band intensities from semi-quantitative RT-PCR for the three donors ( Fig. 4; 15, 24) . The expression profiles for the cytokines IFNG and IL2 and the receptor subunits IL2RA, IL2RB, and IL2RG generated from microarray analysis and semi-quantitative RT-PCR were similar. Although the immune response to activation for each of these five genes differed in magnitude between donors, the expression profiles followed similar trends across donors. Significant up-regulation of IFNG and IL2RA at 1 g 4 h was observed with respect to 1 g 0 h from RT-PCR data and from all three microarray preprocessing methods. Significant upregulation of IL2 expression was also detected in the RT-PCR data and after preprocessing in MAS and dChip.
CREB transcription factor activation occurs in 1 g but not in vg
To further validate the gene expression analysis, we performed immunoblots against phosphorylated CREB. T-cells activated with Con A and anti-CD28 antibody for 30 min at 1 g showed significant up-regulation of CREB phosphorylation compared with 1 g controls (Fig.  5A) . In contrast, the activation of CREB by phosphorylation failed to occur in T cells treated with mitogen in vg. The protein abundance of activated CREB was significantly different between the treated 1 g and vg samples.
LAT adaptor protein is comparably activated in both 1 g and vg
To investigate PKC signaling pathway involvement, we performed immunoblots against phosphorylated linker of activation in T cells (LAT), an upstream adaptor protein that activates the PKC pathway. We found that LAT phosphorylation occurred at significant levels after T cells were incubated with Con A and anti-CD28 antibody for 30 min in both 1 g and vg compared with unactivated controls (Fig. 5B) . No significant differences were detected in phosphorylation levels in samples treated at vg compared with samples activated at 1 g. Moreover, the phosphorylation of PI3-K was not down-regulated in vg (Fig. 5C ). We also found that the phosphorylation of PKC was not down-regulated in vg (data not shown).
DISCUSSION
Astronauts represent a unique population exposed to extreme environmental factors never before experienced by humans; 15 of 29 Apollo astronauts reported bacterial or viral infection during, immediately after, or within 1 wk of landing back on Earth (25). Apollo 7 marked humanity's first experience with spaceflight infection when all three crewmembers contracted head colds during their mission (25). On Apollo 13, one astronaut contracted Pseudomonas aeruginosa and suffered from intense chills and fever (25). P. aeruginosa is an opportunistic pathogen and rarely causes disease unless the person suffers from a break in epithelia or from immune suppression.
After Apollo 13, NASA recognized the potential hazard of exposure to communicable disease before flight and the subsequent manifestation of symptoms during flight. As a result, NASA implemented a preflight quarantine program that subsequently reduced the number of reported infections to one Apollo astronaut (25).
Immune suppression in the absence of gravity poses a novel barrier to the early immune response. Using microarray analysis, we found that 99 genes were significantly up-regulated during early T-cell activation in normal gravity. However, when we removed the gravity vector, the majority of those genes showed no significant mitogen induced gene expression. The data presented here suggest that gravity is a key regulator of the cell-mediated immune response and that its absence either slows, impedes, or fully blocks signaling pathways essential for early Tcell activation. In vg, suppression of transcriptional induction encompasses numerous signaling pathways essential to T-cell activation. Expression of downstream targets of signal transduction cascades, including genes involved in proliferation, apoptosis, biosynthesis, and secretion, is repressed in the absence of gravity. A variety of signals are responsible for conveying an external stimulus to elicit a cellular response to mitogen (Fig. 6) . The T-cell receptor and CD28 initiate signal transduction pathways that induce the majority of the genes identified here by microarray analysis.
Microscopy studies of T cells after automated injection of fluorescent labeled Con A in sounding rocket flight by Dr. Cogoli's group (6, 26) clearly demonstrated that Con A binding to the T-cell receptor (TCR) is not influenced by microgravity. We have shown, here, that the NF-κB, CREB, ELK, AP-1, and STAT pathways exert transcriptional control over the majority, or 59%, of significantly induced genes (Fig. 3A) . Furthermore, as seen in Fig. 6 , NF-κB, CREB, ELK, and AP-1 can share subsets of the same upstream kinases to cross-talk with one another and achieve gene induction in the nucleus (18) . It is noteworthy that mechanical stimuli activate these same pathways (27). Moreover, kinase activities require the successful formation of signaling complexes at cholesterol-rich lipid rafts for successful propagation of signals away from the antigen receptor (28, 29). Thus, since fluorescent microscopy has shown that normal receptor cross-linking occurs in microgravity, we thought it highly likely that an early alteration in signaling components downstream of cross-linking the antigen receptor and at or upstream of PKC activation during assembly of the signaling complex at lipid rafts occurs before the signal can propagate and diverge into distal pathways thereby simultaneously precluding activation of multiple transcription factors, like NF-κB, CREB, and AP-1, in vg (Fig. 6 ). We found, however, that phosphorylation of both PKC and its upstream regulator LAT were not down-regulated in vg.
The details of the signal transduction events leading from early TCR and CD28 activation to expression of IL2, IFNγ, and the IL2R subunits have not been fully elucidated until recently. Our group has published new data characterizing the cross-talk between the NF-κB, CREB, ELK, and AP-1 signaling pathways highlighted here as responsible for impaired activation in altered gravity (18) . We demonstrated a sequence of events in which IL2 transcription is turned on first within 2 h, followed by IL2Rα within 4 h. Addition of PKC and PKA inhibitors in the presence of Con A and anti-CD28 significantly blocked IFNγ, IL2, and IL2Rα gene induction. T-cells with a PKA regulatory subunit knocked out also exhibited transcriptional suppression. In both cases, IL2Rβ and IL2Rγ expression was unaffected. These findings using small molecule
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inhibitors parallel the data presented whereby the RPM environment blocked IFNγ, IL2, and IL2Rα gene induction without affecting IL2Rβ and IL2Rγ expression.
NF-κB and CREB were the top two transcription factors predicted by microarray analysis to be involved in gravity-mediated gene expression. Since the PKA signaling pathway regulates these transcription factors, we thought that PKA signaling could be affected by vg. In early activation, CREB is phosphorylated within 30 min which was inhibited by PKC inhibitor and completely blocked by PKA inhibitor (18) . Here, we report that the activation of CREB by phosphorylation within 30 min was significantly blocked by a vg environment (Fig. 5A) . The loss of CREB phosphorylation implicates a failure of the PKA signal transduction pathway during T-cell exposure to mitogen in vg. It is notable that PKA has been shown to be intricately involved in activating NF-κB in addition to CREB (30). The PKA catalytic subunit is associated with the IκB and NF-κB complex (30). In this complex, PKA is inactive, but when inducers of NF-κB are added, IκB is degraded and PKA phosphorylates NF-κB p65 at a consensus sequence leading to a dramatic increase in NF-κB transcriptional activity and enhanced DNA binding (30-33). Furthermore, when PKA is inhibited with H-89, NF-κB activity and nuclear translocation are inhibited (30). PKA may have a central role interconnecting CREB and NF-κB needed during early induction of gene expression in normal gravity. We also looked at the activation of PKC and PI3-K signaling pathways as well as LAT, an upstream activator of PLCγ and, subsequently, PKC. LAT is phosphorylated by 30 min after mitogen exposure and LAT phosphorylation was not affected by vg (Fig. 5B) . We also found that PKC phosphorylation is intact in vg (data not shown). Moreover, we did not detect any significant changes in PI3-K phosphorylation at either 1 g or vg by 30 min (Fig. 5C ).
Gene expression of two key cytokines CSF2 and IL2, after mitogen treatment in vg, was reduced 98 and 92%, respectively, compared with activated samples at 1 g (Table 1 ). CSF2 gene induction is responsible for promoting the production, differentiation, and function of granulocytes and macrophages during a response to infection (34). IL2 drives T-cell proliferation and differentiation into armed effector cells (35). In addition, induction of IL2RA, a marker of Tcell activation, was observed in 1 g but not in vg. Upon activation, T cells begin transcription and synthesis of the α subunit to form a high-affinity heterotrimeric receptor to trigger growth, proliferation, and differentiation (36). The presence of IL2 normally promotes IL2RA transcription, yet exogenous IL2 still fails to restore T-cell activation in microgravity (37). Similar trends in IL2 and IL2Rα protein expression were observed from Spacelab flight experiments (37). This supports our hypothesis that intracellular signaling pathways integral to lymphocyte activity are not fully functional in vg. The failure to induce cytokine and receptor synthesis likely contributes to the loss in the adaptive immune system's capacity to fight infection and disease in vg.
The chemokines XCL1, XCL2, CCL3, CCL4, CCL20, and CXCL10 had the highest magnitudes of up-regulation during 1 g activation, ranging from 7.8-to 252-fold (Table 1) . Their drastic loss of induction in vg may contribute to an inhibition of lymphocyte trafficking (9) . XCL1 regulates T-cell migration by binding to its chemokine receptor and is induced during CD28 costimulation along with CCL3 and CCL4 (38). The lack of chemokine gene induction in vg may imply that signaling from CD28 is blocked despite crosslinking by anti-CD28 antibody (Fig. 6 ).
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We discovered that five genes of the tumor necrosis factor superfamily TNF, LTA, TNFSF14, TNFRSF6, and TNFRSF9 were suppressed in vg, with expression ratios from treated vg samples ranging from 4 to 48% of the ratios at 1 g. These functionally related genes were grouped together with NFKB1 in cluster E (Fig. 2A) . These genes exhibited similar expression profiles and appear to be coregulated, and they either lead to NF-κB activation or are transcriptionally regulated by NF-κB (Fig. 6) (39-43) . Expression profiling revealed that the gene BCL2A1 was induced during early T-cell activation only at 1 g. NF-κB-dependent induction of BCL2A1 expression has been shown to be essential to cell survival after lymphocyte activation by suppressing apoptosis (44).
In vg, we found that peripheral blood T-cells fail to achieve the expression profiles characteristic of normal activation and differentiation. However, it is important to note that our findings should not be broadly extrapolated to other biological systems since gravity-mediated regulation of signal transduction and gene expression is cell-type specific (9) . For example, single cell organisms, like bacteria, grow faster and exhibit enhanced antimicrobial resistance on the Space Shuttle (45).
Our immune system protects us from infection and disease, yet T cells lose their adaptability in spaceflight. This study builds and extends on earlier discoveries that immune suppression is a factual phenomenon of manned space travel. The physical mechanisms by which the T cell responds to gravity remain an intriguing enigma and the Space Shuttle and International Space Station offer abundant opportunities for both in vitro and in vivo studies. We have identified the genes induced during a normal immune response and have shown that it is highly likely that alterations in signal transduction and transcription factor induction preclude full T-cell activation in vg. We also show that PKA signal transduction is down-regulated in vg while the PI3-K, PKC and pLAT signals are not inhibited. The genes identified and classified in this study can serve as a springboard for further investigations into immune function in normal and altered gravity. Such studies will advance our understanding of the human immune system in health and disease and give us insight into, and an appreciation for, the fundamental biological laws governing Earth's gravity-based life. Dugdale for graphic design, and C. Barker, D. Erle, and C. Griffin for invaluable expertise in microarray technology. We dedicate this project to the crew of STS107 for pursuing a courageous mission to explore, to discover, and to boldly go where no one has gone before. 3 . Functional and regulatory classification of genes after T cell activation in normal gravity. We extensively examined published literature and annotations associated with significant genes to search for common regulatory elements and function and ranked these elements according to their frequency of occurrence. A) Percent abundance of these genes was examined based on common transcription factor binding sites or pathway involvement. B) Expression profiles of 10 genes identifed by microarray analysis as integral to effective T cell mediated immune response were validated by realtime RT-PCR. Bold numbers indicate significant differential expression relative to 1 g 0 h as measured by using an unpaired 1-tailed Student's t test (P≤0.05) on technical triplicate samples to test for significant up-regulation. Average normalized expression ratios from MAS, dChip, and RMA preprocessed data and semiquantitative RT-PCR data for these 5 genes are shown. *Significant differential gene expression compared with expression at 1 g 0 h from a paired two-tailed t test on logarithms of normalized signals with P ≤ 0.05. **Significant differential gene expression with P ≤ 0.01. A sample size of 3 was available for microarray analysis. T cell samples from each donor were split to create 4 independent biological replicates. Thus, statistical tests for semi-quantitative RT-PCR were performed on a sample size of 12.
Page 20 of 22 (page number not for citation purposes) . Mitogenic T cell activation leads to CREB and LAT phosphorylation in 1 g, while CREB phosphorylation is suppressed in vg. A) T cell activation (Act) with Con A and anti-CD28 leads to CREB phosphorylation in 1 g but not in vg. B) T cell activation with Con A and anti-CD28 leads to comparable LAT phosphorylation in both 1 g and vg compared with unactivated controls (Ctrl). C) No significant changes in PI3-K phosphorylation occur by 30 min of mitogen treatment in 1 g and vg. Buffy coat isolated peripheral T cells were subjected to 5 μg/ml Con A and 4 μg/ml anti-CD28 antibody. Thirty minutes after activation, total protein was isolated and Western blot was performed against anti-phospho-CREB (Ser133), anti-phospho-LAT (Tyr171), and anti-phospho-PI3-K (Tyr508) antibodies. Each band was normalized to internal actin standard. Bars show mean ± SD (n=4). *P < 0.01 and **P < 0.001 against 1 g control. 6 . Outline of signal transduction pathways initiated and genes significantly up-regulated after T cell activation with Con A and anti-CD28 antibody. Transcription factors shown induce specific gene transcription that leads to proliferation, differentiation, apoptosis, or chemotaxis. Colored blocks correspond to average normalized gene expression ratios at 1 g 0 h, 1 g 4 h, or vg 4 h from left to right, respectively. Color key represents degree of up-regulation or downregulation in log 2 scale. Yellow, green, and blue disks represent G-proteins, kinases, and lipases, respectively. Purple text refers to transcription factors.
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